Cryogenic liquid hydrogen storage for manned mars missions by Johnson, C. E.
ABSTRACT - 
M a r t i n  da t a  a r e  used  and  s c a l e d  a s  a c o m p a r i s o n  t o  TEW 
r e s u l t s  i n  t h e i r  F l i s s i o n  Q r i e n t e d  Advanced N u c l e a r  S y s t e n  Para- 
n e t e r s  S t u d y  (Refs .  1, 2 ) .  M a r t i n  a s s u m p t i o n s  a r e  examined a n d  
a c c o u n t e d  f o r  i n  s c a l i n g  i n  an a t t e m p t  t o  make c o n s e r v a t i v e  p r e -  
d i c t i o n s  f o r  t h e  m i d d l e / l a t e  1 9 7 0 ' s .  Because  t h e  p r o b l e m  oi' 
l i q u i d  hydrogen  b o l l o f f  i s  one v:hich c o u l d  have  a s t r o n g  dif 'f3.r- 
e n t i a 1  e f f e c t  OR a n u e l o a r / c h e m i c a l  pr?opul-sion co lnpa r i scn  for a 
manned Mars m i s s i o n ,  bo i ' l o f f  p e n a l t i e s  f o r  n u c l e a r  s t ages  I11 
(Mars b r a k i n g ) a n d  I V  (Mars d e p a r t )  o f  t h e  TRW s t u d y  were checked  
and  r e s u l t s  i n d i c a t e  t h a t  r e a l i s t i c  v a l u e s  for c r y o g e n i c  b o i l o f f  
ar,d i n s u l a t i o n  w e i g h t s  were u s e d .  4.1~0, t h e  t o t a l  bo i lo f ' f  ar?d 
i n s u l a t i o n  weig5t p e n a l t y  for a c o m p l e t e l y  p a s s i v e  ~ u c l e a r  s t o r a . g e  
systern f o r  LH2 a t  its normal b o i l i n g  p o L n t ,  f o r  t h e  ou tbound  l e g  G ;  
a TRN Mars m i s s i o n ,  i s  l e s s  t h a n  1 0 %  o f  t h e  s t o r e d  p r o p e l l a n t .  
(NASA-CR-153571) CRYOGENIC LIQ713 H Y 9 R O G E N  f '  - STORAGE FOR M A N N E D  Y A R S  YISSICYS (Bellcornlo, 2 %  
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INTRODUCTLCN 
The p r o b l e m ' o f  l i q u i d  hydrogen  b o i l o f f  i s  one  wh ich  
c o u l d  have  a s t r o n g  d i f f e r e n t i a l  e f f e c t  on  a n u c l e a r / c h e m i c a l  
p r o p u l s i o n  compar i son  f o r  a manned Mars m i s s i o n .  
c o n t a i n  100% L H 2  whereas c r y o g e n i c  chelilical s t ages  c a n  c o n t a i n  
anywhere  from 6 t o  16%. P a r a m e t r i c  ' s t ' u d i e s  have  i n d i c a . t e d  t h a t  
if L H 2  b o i l o f f  were t o  r e a c h  30 t o  40% n u c l e a r  s t a g e s  would 
actual.1.y b e  worse  f o r  Mars b r a k i n g  and  e s c a p e ' t h a n  c r y o g e n i c  
chemica l  s tages .  I n  p e r f o r m i n g  t h e  n u c l e a r / c h e m i c a l  c o m p a r i s o n  
a TSW s t u d y  i s  c u r r e n t l y ' b e i n g  c r i t i q c e d . '  To c h e c k  t h e  TRW 
v a l u e s  f o r  b o i l o f f ,  d e t a i l e d  s t u d i e s  o f  t h i s  problern which  have .  
b e e n  c a r r i e d  o u t  by N A S A  c o n t r z c t o r s ,  have  b e e n  exanlined t o  d e r i v e  
es t imates  of t h e  weight  p e n a l t i e s  i n v o l v e d  f o r  t h e  l o n g  term s t o r a g e  
o f  I ,H2 ,  M a r t i n  ( B a l t i m o r e ,  Md.)  a p p e a r s  t o  have  p e r f o r m e d  t h e  most  
compTehensive s t u d y  o f  s i g n i f i c a n t  d e p t h  s n d ,  t h e r e f o r e ,  b o i l o ' f f .  
r e s u l t s  from t h i s  s t u d y  a r e  used  and  s c a l e d  t o  t h e  TRW i3 i s s i c .n  2 s  a 
c o m p a r i s o n .  * 
stages  I11 ( a r r i v e  Mars), and I V  ( d e p a r t  Mars) a r e  c h e c k e d .  ? 'hi-s 
c o m p a r i s o n  i s  b a s e d  s o l e l y  on a compl .e te ly  F a s s i v e  i f i s u l a t i o n  
sys t ex  f o r  s t o r i n g  c r y o g e n i c  f u e l  a t  i t s  no rma l  bo3 . l ing  p ~ i n t ,  
n a n e l y  t h e  u s e  o f  m u l t i l a y e r  o r  s u p e r i n s u l a t i o n  ( M L 1 ) .  ML1 
c o n s i s t s  o f  a number o f  h i g h l y  r P f l e c t i v e  f o i l s  (Alurn5.nu~i 01- 
Alumin ized  Nylar) l a i d  l a y e r  upon l a y 2 r  upon t h e m s e l v e s  t o  for!? 
a b l . a n k e t  of  m u l t i p l e  racli3.tlofi s h i e l d s  e I d e a l l y ,  1.3 a v ~ . c u ~ m  
t h e  o n l y  mode of hea t  t r a n s f e r  i s  r a d i a t i o n  arid i t  i s  t h e r e f c i r z ,  
t h e o r e t i c s l l y  p o s s i b l e  t o  e f f i . c i e n t l y  r e d u c e  t h e  f l o w  of h e e t  t o  
a c r y o g e n i c  t a n k  t o  a v e r y  low v a l u e .  I n  f a c t ,  i n c i d e n t a l  hea t  
l e a k a g e s  t h r o u g h  p i p e s , ,  i n s u l a t i o n  searns, tarik s u p p o r t s ,  and 
o t h e r  p e n e t r a t i o n s  car, e a s i l y  p r e d o m i n a t e  an? n u s 5  b e  car.efu1.?.y 
c o n t r o l l e d  if t h e y  a r e  n o t  t o  n u l l i f y  t h e  e f f e c t i v e n e s s  o f  t h e  
i n  s u  l a t  i c n  s y s t cyi. 
t h e  K L l  hea t - leak  probi.em based  on t h c  c u r = . e n t  s t a t e  o f  thte a n t .  
N u c l e a r  s t a g e s  
S p e c i f i c a l l y ,  t h e  L H 2  b o i l a f f  p e n a . l t i e s  f c r  TRT,:'' n u c l e a r  
Mart 1. n a p p e a r s  t o h3ve real i. s t i c 2.11. ;J e c;? s 16. e :-e d 
However,  s i n c e  t h e  h i g h e r  ene rgy  a d v a n t a g e  o f  c r y o g e n i c  p r o p e l l - a n t s  
makes them e x t r e m e l y  d e s i r a b l e  f o r  p r o p u l s i o n  s y s t e m s ,  c u r r e n t  
e f f o r t s  s h o u l d  b e  c o n t i n u e d  t o  r e f i n e  t h e  a n a l y t i c a l  t r e a t m e n t  o f  
heat,-leak f a c t o r s  b y  t h e  g e n e r a t i o n  o f  more e x p e r i m e n t a l  d a t a .  
Some o f  t h e  u n c e r t a i n t y  t h a t  i s  p r e s e n t l y  e x i s t i n g  i n  t h e  d e t e r -  
m i n a t i o n  o f  t h e s e  f a c t o r s  would t h e r e b y  b e  r e d u c e d .  
Two me thods  were  p r o p o s e d  by M a r t i n  t h a t  complement t h e  
above  p a s s l v e  i n s u l a t i o n  s y s t e m .  
u n d e r  ].ow l o a d  c o n d i t i o n s ,  i n  c o n j u n c t i o n  w i t h  s t a i n l e s s  s t e e l  o r  
t i t a n i u m  s u s p e n s i o n  w i r e s  which o f f e r  low areas  a n d  l o n g  p a t h s  for 
heat c o n d u c t i o n ,  c a n  t h e o r e t i c a l l y  r e d u c e  LH2 b o i l o r f  b y  a f a c t o r  
o f  a p p r o x i m a t e l y  2 . 3  d u r i n g  t h e  ou tbound  l e g  of  a Mars m i s s i o n .  
A d d i t i o n a l  work s h o u l d  b e  done however ,  t o  r e d u c e  t h e  c o m p l e x i t y  
i n v o l v e d  and  to d e v i s e  methods  o f  p r e v e n t i n g  h e a t - l e a k  shorts 2.: 
t h e  wire/MLl j o i n t s .  S e c o n d l y ,  p r e s u b c o o l i n g  t h e  LH 2 t c g e t h e r  
w i t h  some s u p e r i n s u l s t i o n  c o u l d  r e d u c e  t h e -  b o i l o f f  to z e r o .  F o r  
e x a m p l e ,  i f  enough i n s u l a t i o n  were a p p l i e d  t o  a l l o w  t h e  r ,ormal 
b o i l i n g  p o i n t  o f  t h e  p r o p e l l a n t  to be  r e a c h e d  a t  e n g l n e  f i r e ,  
i n s u l a t i o n  mass would be  t h e  o n l y  s t a g e  mass p e n a l t y  w i t h  t h i s  
t e c h n i q u e .  
c i e r . t  me thods  t o  c o o l  t h e  LH2. 
The M a r t i n  da ta  i n c o r p o r a t e  p r o j e c t e d  h e a t - l e a k  
minimums f o r  a n  a c t i v e  s u p p o r t  s y s t e n  w i t h  s t a i n l e s s  s t e e l  
s u s p e n s i o n  wi res ,  a n d  p r e s u b c o c l i n g  i s  n o t  u s e d .  I n  t h i s  coz-I- 
p a r i s o n ,  t h e  d a t a  a r e  m o d i f i e d  to a p r e s e n t - d z y  hard-mount  
t i t a n i u m - t a n k - s u p p o r t  s y s t e m  i n  m e f f o r t  to b e  c o n s e r v a t i v e  i n  
p y e d i c t i n g  v a l u e s  f o r  t h e  m i d d l e / l a t e  1970's. T h e r e f o r e ,  i n  
d r a w i n g  c o n c l u s i o n s  f rom t h e  f i n a l  r e s u l t s ,  it must  b e  k e p t  i n  
mind t h a t  t h e o r e t i . c a l . l y  t h e s e  v a l . u e s  c o u l d  be  s i g n i f i c a n t i y  
r e d u c e d  if one of t h e  two or bot,h a d d i t i o n a l  modes of  storag? 
a re  employed .  
A c t i v e  t a n k  s u r p o r t s  t h a t  r e t r a c t  
. 
Work must  a l s o  b e  done  i n  t h i s  area to d e v i s e  e f f i -  
. 
Theory  
N o m e n c l a t u r e :  
-- . ~ -  
= E o i l o f f  Weight 
\Ii = I n s u l a t i o n  Weight 
%o 
W p L  = P a y l o a d  ' de igh t  
Wp = Cryogei l ic  P r o p e l l a n t  Weight  
V = C r y o g e n i c  P r o p e l l a n t ;  Volunie 
- 3 -  
WST = S t a g e  S t r u c t u r e  Weight 
WG = S t a g e  Gross Weight 
AV = S t a g e  V e l o c i t y  I n c r e m e n t  
I = S p e c i f i c  Impu l se  
K = E f f e c t i v e  Thermal  C o n d u c t i v i t y  o f  S u p e r i n s u l a t i o n  
A = S u r f a c e  Area 
AT = T e m p e r a t u r e  D i f f e r e n c e  
T = P r o p e l l a n t  S t o r a g e  T i m e  
h = L a t e n t  Heat of V a p o r i z a t i o n  of  P r o p e l l a n t  
t = I n s u l a t i o n  ThicknesE 
= I n s u l a t i o n  D e n s i t y  
= P r o p e l l a n t  D e n s i t y  
pi 
pP 
g = U n i v e r s a l  G r a v i t y  C o n s t a n t ,  Ear th  
C = A r b i t r a r y  C o n s t m t  
r = e  AV/Ig  
WBo(%) = P e r c e n t  B o i l o f f  Weight 
W i (  % )  = P e r c e n t  I n s u l a t i o n  Weight 
F o r  s t o r a g e  of  c r y o g e n i c  p r o p e l l a n t s  r e q u i r e d  f c r  t h e  
t e r m i n a l .  s t a g c  of a v e h i c l e ,  t h e  i n s u l 2 . t i c n  and b o i l o f f  i x s s e s  
a re  a f f e c t e d  b y  t;he g i v e n  s t a g e  e n e r g y  r e q u i r e n e : , t  o r  v e l o c i t y  
i n c r e m c n t  ( A V )  and  t h e  p r o p e l l a n t - e n g i n e  a v a i l a b l e  e n e r g y  01- 
s p e c i f i c  i m p u l s e  ( I ) .  An e x p r e s s i o n  c a n  b e  d e r i v e d  to r2;llate 
t h e  S o i l o f f  and i n s u l a t i o n  w e i g h t s  for optimum v e h i c l e  p e r f o r -  
mance o r  maximml p a y l o a d  f o r  a g i v e n  s t a g e  as  fo1lov:s - 
- 4 -  
The  s t age  g r o s s  mass c a n  b e  de f i . ned  as - 
The s t a g e  v e l o c i t y  i n c r e m e n t  a t  e n g i n e  f i r e  i s  d e f i n e d  as - 
E q u a t i o n  ( 2 )  c a n  be w r i t t e n  a s  - 
Av/,g . 
= e  = r  " G  - 'BO 'PL -t "ST + wi 
o r  
"BO 
r 
wG WST - wi. - - WPL = - - r 
B o i l o f f  w e i g h t  can be e x p r e s s e d  a s  - 
- KAAT T 
'BO -. ht 
( 3 )  
(4) 
I n s u l a t i o n  w e i g h t  c a n  b e  expressed as  - 
Wi = p i A t  
From ( 4 )  and  ( 5 )  t h e  b o i l o f f  w e i g h t  c a n  b e  e x p r e s s e d  i .n terms 
of  i n s u l a t i o n  w e i g h t  as - 
2 KA A T T P ~  -  -- - 
'BO - h ' ~ 1  w 
KA 2 A T T P ~  
h w h e r e ,  c =  
4 m 
- 5 -  
Hol.dlng t h e  i n i t i a l  s t a g e  gross mass i n  e a r > t h  o r b i t  c o n s t a n t ,  t h e  
p a y l o a d  i s  mzximized when t h e  d e r i v a t i v e  o f  e q u a t i o n  ( 3 )  w i t h  
r e s p e c t  t o  i n s u l a t i o n  w e i g h t  i s  s e t  e q u a l  t o  z e r o .  S u b s t i t u t i n g  
( 6 )  i n t o  ( 3 )  and  d i f f e r e n t i a t i n g ,  t h e  e x p r e s s i o n  r e l a t i n g  b o i l o f ' f  
and  i n s u l a t i o n  w e i g h t  f o r  op t imun v e h i c l e  p e r f o r m a n c e  c a n  b e  
w r i t t e n  f i n a l l y  as - 
"BO . - - r = e  AV/Ig ( 7 )  q-- 
The same r e l a t i o n  i s  o b t a i n e d  i f  WG i s  mini 'mized w i t h  r e s p e c t  t o  
V i ,  h o l d i n g  WST and  W p L  c o n s t a n t .  
I n  b o t h  t h e  TRW and M a r t i n  stficlies e q u a t i o n  ( 7 )  wa.s 
u s e d  t o  d e t e r m i n e  optimum i n s u l a t i o n  w e i g h t s  f o r  t h e  s t o r a g e  o f  
c r y o g e n i c s .  I n  t h e  TRW s t u d y  ( 7 )  was f u r t h e r  m o d i f i e d  t o  a c c o u n t  
f o r  s i z e ,  number,  and  t i m e  o f  v e h i c l e  p r o p u l s i v e  v e l o c i t y  c h a n g e s .  
However,  t h e  d i r e c t  u s e  of  e q u a t i o n  ( 7 )  i s  s u f f i c i e n t  f o r  t h e  p u r -  
p o s e  o f  t h i s  c o m p a r i s o n .  App ly ing  e q u a t i o n s  ( 4 ) )  ( 5 ) ,  and  ( 7 )  
expressions for p e r c e n t  b o i l o f f  and  p e r c e n t  i n s u l a t i o n  w e i g h t s  w i t h  
r e s p e c t  t o  t a n k - s u r f a c e - a r e a - t o - v o l u m e  r a t i o s  a n d  s t o r e d - p r o p e l l a n t  
w e i g h t  c a n  be  d e r i v e d .  
wp = V P P  
The optimum I n s u l a t i o n  t h i c k n e s s  i t o p t )  c a n  t h e r e f o r e  b e  
e x p r e s s e d  as - 
< m 
- 6 -  
wBO - KA ATT 
ht V P P  wp- 
into ,(lo) - 




Sca1.ing l & y w s  can t h e r e f o r e  be written, where the pi7.irnes re fe l -  
to separate vehicles, as - 
I 
(14) 
Similarly, scaling laws for spherical tanks can b e  w r i t t e n  F S  - 
Mart in /T R W C cmp 2. r 3- s on 
The percent boiloff and insulation penalty dhta t o  
be compared, as listed in Appendix C, "Supporting Data", 
(ER 13919-C) p. V-1 of' reference 2, and Volume 11, "Detailed 
Technical Report Mission arid Vehicle Analysis", p .  III 67 of 
reference 1 are shown in Table I. The Martin data are f o r  a 
Mars-landing conjunction-class short-stay mission in 1375. 
Of all the mission types that Martin investigated, it is felt 
that the integrated heat-intensity profile for this misston 
most closely approximates that studied by TRW. To detemine the 
values of r for TRW stages I11 and IV, a nuclear specific 
impulse of I = 800 sec and typical 1982 velocity increments f o r  
Mars braking and escape of AVMB = 14200 fps and AVNE = 13770 fps 
were used. 
TABLE I 
1ldi.ssion 1 Martin Configurations 




















































Three basic assumptions were made by N a r t i n  in deriving 
the above values - 
1. The storage tanks arc? spherical 
2. Heat leaks can be minimized by the use of rigid- 
retractable/stainless-steel wire supports for the 
tanks. 
3. The state of the art of minimizing heat leak values 
will improve by the middle/late 1 9 7 0 l s  and there- 
fore present predicted minimums can be reduced by 
36.7%. 
Boiloff and insulation weight are directly proportional to 
surface area and therefore, in accounting for assumption 1, 
the relationship for the surface area of a co r . s tan t  vclume 
cylindrical tank with hemispherical heads versus the dimen- 
sionless parameter R/R was examined. R is the radius and 2 
is the length of the cylindrical portion of the tank. A plot 
of this relationship is shown in Figure 1. Per page 111-7G 
of the TRFI study (Ref. l), typical cylindrical storage tanks with 
geometries R/I1 2 1/2 are used for stages I11 and 1'1 and 
therefore, the Martin data should be increased by a factor of 
= 10%. In accounting for assumptions 2 and 3, if hard-nount 
titanium-tension straps are employed and a projected state-of'- 
the-art factor not employed, per the Martin study the results 
in Table I should be modified by a factor cf 51/22 .6  = 2 . 2 6  
(Ref. 2 ,  p.20, Final Review). Equations-(l4) through (17) 




' -  9 - 
A p p l y i n g  t h e  M a r t i n  data f rom T a b l e  I and  a v e r a g i n g ,  t h e  above  
s c a 1 i r . g  laws c a n  f i n a l l y  b e  w r i t t e n  as - 
P l o t s  o f  e q u a t i o n s  ( 2 2 )  t h r o u g h  ( 2 5 )  are  shown i n  F i g u r e s  2 
t h r o u g h  5. for u s e  i n  f e a s i b i l i t y  s t u d i e s  and  p r e l i m i n a r y  d e s l g n .  
Us ing .  e q u a t i o n s  ( 2 2 )  t h r o u g h  <25), or t h e  a t t a c h e d  
p l o t s ,  t h e  P a r t i n  d a t a  a r e  s c a l e d  a g a i n s t  t h e  TRW r e s u l t s  for 
S t a g e s  I11 and I V  and  a r e  s h o ~ s n  f i n a l l y  i n  T a b l e  11, 
- 10 - 
Comparing t h e  TRV r e  u l t s  with t h e  s c a l e d  !<ut i r& &te, i t  i s  
s e e n  t h a t  t h e  TRlJ p e r c e n t  b o i l o f f  p l u s  i n s u l a t i o n  t i e igh t  
p e n a l t y  i s  a p p r o x i m a t e l y  1 . 4 %  l e s s  t h a n  t h e  M a r t i n  results. 
It s h o u l d  b e  renenbered t h a t  i n  d r a w i n g  c o n c l u s i o n s ,  f o r  t h e  
m i d d l e / l a t e  1970's, t h e  b o i l o f f  v a l u e s  c a n  t h e o r e t i c a l l y  b e  
s u b s t a n t i a l l y  r e d u c e d  i f  a r e t r a c t a b l e  s u p p o r t  sys t em is 
u s e d  ( a s  c a n  b e  s e e n  by t h e  above m o d i f i c a t i o n  f a c t o r s )  or 
t h e  t e c h n i q u e  o f  c r y o g e n i c  p r e s u b c o o l i n g  employed .  
C o n c l u s i o n s  
1. 
2 .  
3. 
TRW a p p e a r s  t o  have  u s e d  r e a l i s t i c  v a l u e s  f o r  c r y o g e n i c  
b o i l o f f  and  i n s u l a t i o n  w e i g h t s  i n  t h e i r  F l i s s i o n  O r i e n t e d  
Advanced N u c l e a r  Sys t em Parameters S t u d y  f o r  manned Kars 
m i s s i o n s  i n  t h e  e a r l y  1 9 8 0 ' s .  
The t o t a l  b o i l o f f  and  i n s u l . a t i o n  weight p e n a l t y  f o r  a c o r ~ p l e t e l ; :  
p a s s i v e  n u c l e a r  s to rage  s y s t e m  f o r  LH2 a t  i t s  ncrm-1- 
b o i l i n g  p o i n t ,  f o r  t h e  outbound l e g  of a TRW Mars m i s s i o n ,  i s  
l e s s  t h a n  1 0 %  o f  t h e  s t o r e d  p r o p e l l a n t .  
I t  a p p e a r s  t h a t  b o i l o f f  and 1 n s t : l a t i o n  weight  p e n a l t i e s  
c a n  b e  r e d u c e d  beyond t h a t  Mhich c a n  be p a s s i v e l y  i c h i e v e d  
c o o l i n g ,  o r  u s i n g  a r e t r a c t a b l k - r i g i d / w i r e  t a n k  s u p p o r t  
s y s t e m .  
w i t h  s u p e r i n s u l a t i o n  by t h e  method o f  c r y o g e n i c  p r b .  a sub-  
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